Purpose: To analyze three-dimensional (3D) volume and histogram of thyroid gland on neck computed tomography (CT) for patients with Hashimoto's thyroiditis. Materials and Methods: A total of 121 subjects who underwent neck CT between March 2013 and February 2014 were included in this study. These subjects were divided into the following two groups: 1) control group (n = 76); 2) Hashimoto's thyroiditis group (n = 45). Non-enhanced and contrast-enhanced CT images were obtained. On contrast-enhanced images, the 3D volume of thyroid gland was semi-automatically calculated. On CT histogram, attenuation number, mean, median, standard deviation (SD), and coefficient of variation (CV) of thyroid gland were calculated. These values were compared between the two groups. Results: Total 3D volume of thyroid gland was 14.9 ± 4.8 cm 3 in the control group, which was significantly (p = 0.002) lower than that (19.2 ± 8 cm 3 ) in the Hashimoto's thyroiditis group. On CT histogram, the mean, median, SD, and CV of thyroid gland on non-enhanced images were 95.8, 99.3, 21.7, and 0.226, respectively, in the control group and 72.2, 72.6, 19.6, and 0.28 in the Hashimoto's thyroiditis group (p < 0.05). Histogram parameters on contrast-enhanced images were not significantly (p > 0.05) different. Median at cut-off value of 83 revealed the largest Az value (Az: 0.905; 95% confidence interval: 0.837-0.951; sensitivity: 84.4%; specificity: 85.5%). Conclusion: The Hashimoto's thyroiditis group had larger volume but lower CT attenuation number with more prominent parenchymal heterogeneity of thyroid gland than the control group.
INTRODUCTION
Volumetric measurement of thyroid gland has been applied in various imaging modalities to diagnose thyroid diseases, such as goiter, nodule, thyroiditis, and Graves' disease (1, 2) . Shu et al.
( 3) have suggested that spiral computed tomography (CT) is an easy, accurate, reliable, reproducible modality to predict the volume of thyroid. Recently, three-dimensional (3D) CT volumetry has been introduced to measure the volume of thyroid (3) . Iterative and semi-automated segmentation can be applied in a multimodal workstation to more accurately measure the volume of thyroid using 3D CT volumetry. A few studies have reported the measurement of CT attenuation number in the thyroid gland (4) (5) (6) . Neck CT can indicate decreased CT attenuation number of the thyroid gland in patients with chronic thyroiditis or Graves' disease (5) . Iida et al. (4) have suggested that CT attenuation number has a linear relationship with iodine concentration in the thyroid gland in vivo.
In previous studies, the CT attenuation number has been calculated on selective two-dimensional (2D) images which only represent part of the thyroid gland (4, 5) . The CT attenuation number has also been investigated for the evaluation of treatment responses or lesion heterogeneity in other organs (7) . To our best knowledge, few studies have focused on the CT attenuation number for the entire thyroid gland using histograms.
Neck CT has been commonly used to determine surgical planning for various thyroid diseases, detect anatomical morphology of the thyroid gland, and determine metastatic cervical lymphadenopathy for thyroid malignancies (8, 9) . Most neck CT scans have been used to evaluate the anatomical structures of the thyroid gland. However, quantitative analysis based on reconstructed images diseases have been sparsely performed for patients with thyroiditis. The objective of this study was to analyze the volume of thyroid using 3D CT volumetry and to determine the CT attenuation number using histogram of the entire thyroid gland for patients with Hashimoto's thyroiditis.
MATERIALS AND METHODS

Patient Population
This retrospective study was approved by the Institutional Re-view Board of our institution. Informed consent for the use of data was waived. Between March 2013 and February 2014, a total of 312 neck CT scans were performed for thyroid diseases in our institution ( Fig. 1 ). Inclusion criteria were: 1) those who underwent thyroid function tests and autoimmune antibody profiles in our institution within 3 months at the time of CT examinations, 2) those who had any thyroid diseases, including thyroid nodules less than 1 cm in a diameter, and 3) those who had optimal image quality of CT examinations for analysis in which the thyroid gland was fully covered in the scans without being affected by beam-hardening artifacts from contrast media or clavicles. Exclusion criteria were: 1) those who underwent neither thyroid function test nor autoimmune antibody profile, 2) those who had thyroid nodules larger than 1 cm in diameter, 3) those who had suboptimal image quality of CT examinations due to inadequate scan range or beam-hardening artifacts, and Sanochemia Pharmazeutika AG, Leitha, Austria) at 3 mL/sec.
Image Analysis
All imaging studies were performed by a fellowship-completed academic radiologist with 3-year experience in head and neck imaging who was blinded to clinical and laboratory data. Raw data were reconstructed into images with slice thickness of 1 mm for Aquilion One and 1.25 mm for Discovery CT750 HD without overlaps and transferred to a workstation (Aquarius iNtuition Viewer; TeraRecon, San Mateo, CA, USA). For 3D CT volume-try of the thyroid gland, the volume-rendered image of the thyroid gland was semi-automatically obtained using contrast-enhanced images in the workstation. First, 'region growing' mode was applied to select the entire thyroid gland to include the isthmus and pyramidal lobe as much as possible. Second, the contour of the thyroid gland was manually corrected using 3D tools on reconstructed axial images. Third, 'select tool' was applied to isolate the thyroid gland automatically from its surrounding structures. Thyroid volume was calculated automatically in cubic centimeters and displayed on 3D volume-rendered images based on isolated thyroid gland. 
Statistical Analysis
All statistical analyses were performed using SPSS version 11.5 (SPSS Inc., Chicago, IL, USA). Demographic findings between the two groups were analyzed by chi-squared test for gender and by independent t test for age. Differences in thyroid volume and histogram parameters between the two groups were analyzed by independent t test. Data were expressed as mean ± SD. A p value less than 0.05 was considered statistically 
RESULTS
The control group had 76 cases (male:female = 9:67; mean age: 49.7 years, range: 29 to 77 years). The Hashimoto's thyroiditis group had 45 cases (male:female = 1:44; mean age: 46.5 years, range: 24 to 69 years). The gender and age between the two groups were not significantly (p = 0.137 and p = 0.105, respectively) different. In 3D CT volumetry, the total volume of the thyroid gland was 14.9 ± 4.8 cm 3 in the control group, which was significantly (p = 0.002) lower than that (19.2 ± 8 cm 3 ) in the Hashimoto's thyroiditis group (Fig. 2) . In ROC curve analysis of 3D volumetry, the cut-off value of thyroid volume for differen- (Fig. 3) . The values of mean, median and CV were significantly different between two groups (p < 0.004). However, the value of SD was not significantly different between two groups (p = 0.052). Histogram parameters on contrast-enhanced images were not significantly different between groups (mean, 84.4%, specificity: 85.5%) (Fig. 4 ).
DISCUSSION
In this study, 3D CT volumetry revealed that the thyroid vol- ments (1) . Thyroid volume can be estimated by palpation, isotope scintigraphy, ultrasonography (US), and CT (12) . However, results from the palpation and isotope scintigraphy are unreliable. US estimation has become an acceptable method for measuring the volume of thyroid. However, volume estimation using ellipsoid model on US can be inaccurate because thyroid gland has irregular geometry (13) (14) (15) . Brunn et al. (16) have reported that deviations in the actual shape of the thyroid gland using an ellipsoid model resulted in an error rate of up to 30%. CT has been widely used as a reliable method to estimate the volume of thyroid because it is available in most medical centers. In addition, neck CT allows complete evaluation of the thyroid gland because it covers both the neck and the thorax. Furthermore, CT volumetry is highly accurate for the thyroid gland (13) . Recently, 3D CT volumetry has been commercially available to estimate the thyroid volume based on the surface of the thyroid gland using semi-automated segmentation. It has higher accuracy than 2D CT volumetry using manual segmentation (3).
However, CT volumetry has the following potential disadvantages: 1) It causes radiation exposure which limits its use for younger patients, 2) It has higher costs in some countries, 3) It has side effects due to contrast media, such as nausea, vomiting, or allergic reactions. Although it has radiation hazard, 3D CT volumetry is by far the most accurate method for measuring the volume of thyroid.
Iodine produces a high CT attenuation number because it has a high electron density. Iodine is an essential material for thyroid hormone. It is captured by thyroid follicular cells and stored in colloid pools. The thyroid gland contains a quarter of iodide in the body. Accordingly, a normal thyroid gland will have a high CT attenuation number (4, 17) . Iida et al. (4) have reported that the CT attenuation number of the thyroid gland has a linear relationship with iodine concentration of thyroid tissue in vivo.
They have suggested that measuring CT attenuation number of the thyroid gland is useful to detect early stage of thyroid disease and determine its severity. It is well known that the iodine concentration in the thyroid gland is lower in patients with chronic thyroiditis than in control subjects because inflammatory cell infiltration and cellular proliferation can replace the normal follicular structure of the thyroid gland (18) . Therefore, thyroid CT attenuation number is lower in patients with chronic thyroiditis than that in control subjects (19) .
In previous studies, CT attenuation number was measured in manual operator-defined region of interest (ROI) on a 2D plane (5, 17, 19) . Because the ROI was fixed in a round or rectangle shape, the real contour of the thyroid gland couldn't be investigated. However, in the present study, histograms were analyzed based on the 3D rendered image of the entire thyroid gland, including the isthmus and pyramidal lobes because 3D CT volumetry is regarded as the most accurate method to estimate the concentration of iodine in the thyroid gland on CT.
Several researchers have suggested that CV is an accurate quantitative score for liver texture because it reflects homogeneity or heterogeneity of hepatic parenchyma (20 There are several limitations of the present study. First, normal variation of thyroid volume was not considered according to patient' s gender or age. This might result in error in the comparison of thyroid volume between the two groups. However, this limitation might be minimal because the gender and age between the two groups were not statistically different in this study. Second, many cases had coexisting nodular diseases such as papillary microcarcinoma or benign nodule. These nodular thyroid diseases could produce errors in the measurement of thyroid volume or the thyroid CT attenuation number. Third, intra-observer and inter-observer variability were not considered in measuring thyroid volume or histogram parameters. Fourth, the clinical usefulness of CT volumetry and histogram of thyroid gland in patients with Hashimoto's thyroiditis was not defined in the present study. Further evaluation will be needed for the clinical application of CT volumetry and histogram.
In conclusion, the Hashimoto's thyroiditis group had larger thyroid volume and larger CV value but lower CT attenuation number than the control group. Median value based on non-enhanced CT images was found to be the most accurate histogram parameter. Non-enhanced CT images were found to be more useful than contrast-enhanced CT images to evaluate Hashimoto's thyroiditis on neck CT.
